In extracts of interferon-treated HeLa cells, RNA covalently linked to double-stranded RNA (dsRNA) is preferentially degraded compared with mRNA not linked to dsRNA. This was established by following the degradation of poly(A)containing mRNA annealed with poly(U), of poly(CY containing encephalomyocarditis virus RNA annealed with poly(I), and of the replicative intermediate of the virus isolated from infected cells. In extracts of interferon-treated cells, dsRNA promotes the synthesis of a series of oligonucleotides, designated (2'-5')oligo(A), which in turn activate an endonuclease. Several lines of evidence suggest that the (2'-5')oligo(A) polymerase/endonuclease system is involved in the preferential degradation of mRNA linked to dsRNA. Conditions that prevent synthesis of (2'-5')oligo(A) prevent this preferential degradation, whereas addition of (2'-5')oligo(A) or conditions that favor its synthesis result in degradation of mRNA both linked and not linked to dsRNA. These results are best explained by a localized activation of the endonuclease near the dsRNA region of our model substrates. We propose that in infected cells activation of the endonuclease takes place near the replicative intermediates of RNA viruses. The replicative intermediates of encephalomyocarditis virus promote synthesis of (2'-5')oligo(A) in extracts of interferon-treated cells and are degraded to a 20S 'core" resistant to digestion with RNase A. This mechanism may be responsible for discrimination between viral and cellular mRNA in interferon-treated cells.
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Addition of double-stranded RNA (dsRNA) and ATP to extracts of interferon-treated cells results in the formation of a low molecular weight inhibitor of protein synthesis (1) . The structure of this inhibitor is pppA(2'p5'A)2-4 [(2'-5')oligo(A) or (2'-5')A], a series of oligonucleotides with an unusual 2'-5' phosphodiester linkage (2) . Extracts of interferon-treated L cells adsorbed to poly(I)-poly(C)-agarose polymerize ATP into (2'-5')A (2). The synthetic dsRNA acts both as an affinity reagent and an activator for an enzymatic activity, designated (2'-5')A polymerase, which has also been shown in other cells (3) (4) (5) (6) . Treatment with interferon increases (2'-5')A polymerase activity up to several hundred-fold (3) , and this increase has been correlated in HeLa cells with an inhibition of encephalomyocarditis virus (EMCV) RNA synthesis (7) .
The (2'-5')A activates an endonuclease, present in extracts of both interferon-treated and control cells, which degrades in vitro cellular and viral mRNAs (4) (5) 8) . Degradation of cellular mRNA has not been detected in interferon-treated virus-infected cells, but accumulation of viral mRNA is specifically inhibited (9) . This inhibition may be due to preferential cleavage of viral mRNA. The (2'-5')A polymerase may bind to and be activated by the dsRNA present in replicative intermediates (RI) of RNA viruses (4) . The (2'-5')A synthesized could activate the endonuclease only near RI, resulting in preferential cleavage of viral mRNA.
In the present study we (1979) 2601 Annealing of Poly(U) or Poly(I) to RNA. Poly(A)-containing RNA (about 40,ug/ml, 4 X 104 cpm/gg) was dissolved in 0.12 M KOAc and annealed with [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ,Ag of poly(U) per ml. The concentration of poly(U) sufficient to anneal to the poly(A) and mRNA was empirically determined by oligo(dT)-cellulose chromatography (12 (17) . The other model substrate was VSV mRNA labeled in vitro with different isotopic precursors (see Materials and Methods). This RNA was bound to Millipore filters to select mRNA species (about 60% of the RNA synthesized) with poly(A) sequences longer than 60 nucleotides (14) . These RNAs were added to extracts of control and interferon-treated cells either directly or after being annealed with poly(U). Basepairing of the 3'-terminal poly(A) with poly(U) resulted in the formation of mRNA molecules containing a double-stranded region. We designated this RNA as mRNA-(A)n(U)n. Cleavage of mRNA was assayed by oligo(dT)-cellulose chromatography, which separated undegraded mRNA and 3'-terminal fragments containing poly(A) from nucleolytic cleavage products. This assay was adapted to measure degradation of mRNA-(A)11(U)n as described in Materials and Methods.
The HeLa mRNA was not degraded to a different extent in extracts of control or interferon-treated cells unless it was annealed to poly(U) (Fig. 1 ). This mRNA-(A)n(U)n was preferentially cleaved in extracts of interferon-treated cells. Similar results were obtained with VSV mRNA. With this viral RNA it was possible to include in the same incubation mRNA labeled with one isotope together with mRNA-(A)n(U)n labeled with a different isotope. Preferential degradation of mRNA-(A)n(U)n was observed in every case in extracts of interferon-treated cells, regardless of the isotopic precursor used to label the mRNA (Fig. 1) . Degradation of VSV mRNA was also investigated by sedimentation analysis (Fig. 2) . In extracts of both control and interferon-treated cells, 1'4C]mRNA was degraded to a similar extent, whereas [3HjmRNA-(A)1(U)n was degraded to a greater extent in the latter extract.
Some possible explanations for the preferential cleavage of mRNA linked to dsRNA in extracts of interferon-treated cells were ruled out in the following experiments. Differential binding of mRNA to ribosomes and protection of bound mRNA was considered unlikely since both mRNAs failed to associate with ribosomes upon a 15-min incubation under the conditions of our assay (data not shown). Preferential degradation of the poly(A)-poly(U) region by a dsRNA-specific nuilease was ruled out by examining the degradation of synthetic labeled poly(A)-poly(U). No cleavage of this pdlynucltotide was detected in either cell extract by sedimentation analysis (data not shown). A nonspecific effect of the poly(U) associated with mRNA on its degradation was also considered. The poly(U) could prevent association of poly(A)-binding proteins with mRNA and facilitate its degradation. The results of the following experiment made this explanation unlikely.
EMCV RNA contains a poly(C) tract approximately 100 nucleotides long near its 5' end (18) . Poly(I) was annealed with labeled EMCV RNA and the degradation of this RNA was analyzed upon incubation with extract of intetferon-treated or control cells (Fig. 2) degraded (Fig. 2F ). Control incubations with EMCV RNA not annealed with poly(I) showed no preferential degradation of this RNA with respect to VSV mRNA (see Fig. 4 ).
Several observations suggested that the (2'-5')A polymerase/endonuclease system was involved in the preferential degradation of mRNA linked to dsRNA. Preparations of HeLa and VSV mRNA-(A)n(U)n activated (2'-5')A polymerase in extracts of interferon-treated cells (Table 1) . In this assay, synthesis of (2'-5')A was either optimized by adding 25 mM Mg(OAc)2 and 5 mM ATP (16) or assayed with added 2 mM Mg(OAc)2, 1 ,iM ATP, and 4 mM fructose 1,6-bisphosphate to regenerate ATP (19) . Under these latter conditions, which were used to assay mRNA cleavage, significant synthesis of (2'-5')A could be detected only by adding 10 mtg of synthetic dsRNA per ml. The amount of (2'-5')A synthesized, however, was much less than that formed under optimal conditions (Table 1) . Therefore, with mRNA-(A)n(U)n and low concentrations of ATP and Mg2+, the synthesis of (2'-5')A was at the limit of detection of our assay. Localized activation of (2'-5')A-dependent endonuclease could take place under these conditions and preferential cleavage of mRNA linked to dsRNA could be explained in this way. If preferential cleavage of mRNA linked to dsRNA results from limited and localized synthesis of (2'-5')A, addition of relatively large amounts of these oligonucleotides or of dsRNA, which promotes (2'-5')A synthesis, should eliminate this preferential cleavage. When excess (2'-5')A was added to incubations assaying degradation of mRNA, the preferential cleavage of mRNA linked to dsRNA was abolished (Fig. 3A) . Inclusion of poly(I)-poly(C) in the incubation mixtures increased the degradation of [14C]mRNA to the same level as that of [3HImRNA-(A)n(U)n (Fig. 3B) . Increasing the con- Mg(OAc)), I gM I:H1ATP (2)0,00() cpm), and the other components described for assays of RNA cleavage. Synthetic polyntucleotides were tested at 10 ,ug/ml; HeLa mRNA and VSV mRNA were assaved at 3() pg/ml. The Sepharose-21B no. I fraction from EMCV-infected cells was prepared and tested at iO pg/ml. An identical fraction from mock-infected cells was tested at :30 Mg/ml. Control assays with no added RNA gave :355 cpm in A and 614 cpm in B; these blank values were subtracted to obtain those shown.
centration of this dsRNA-containing mRNA had a similar effect (Fig. 3C) . As the concentration of dsRNA was increased, degradation of 1[4C]mRNA progressively increased.
If preferential cleavage of mRNA linked to dsRNA results from activation of endonuclease by (2'-5')A, changes in the incubation mixtures that interfere with endonuclease activity or depress synthesis of (2'-5')A should decrease this preferential cleavage. Both (2'-5')A polymerase and endonuclease require Mg2+ for activity (1, 20) . We assayed mRNA degradation in the presence of EDTA, which chelates Mg2+, and found that the preferential degradation of mRNA linked to dsRNA was eliminated (Table 2) . Furthermore, synthesis of (2'-5')A requires ATP as substrate. Cell extracts depleted of ATP by incubation with glucose and hexokinase (21) no longer preferentially degraded mRNA linked to dsRNA (Table 2) . Conversely, when ATP was added in high concentration to the incubation mixtures, degradation of the [14C]mRNA was enhanced (Table 2) .
These results are consistent with the hypothesis that the (2'-5')A polymerase/endonuclease system is involved in the degradation of mRNA linked to dsRNA. Moreover, these experiments establish conditions under which RNA linked to dsRNA can be preferentially degraded in extracts of interferon-treated cells.
To test whether a "natural" substrate could be preferentially degraded, we prepared RI labeled with [3Hluridine from EMCV-infected HeLa cells (see Materials and Methods). The following criteria were applied to establish that the labeled RNA isolated was RI (22) : (i) the RNA was precipitated with 2 M LiCl; (ii) it was recovered in the excluded volume by gel filtration on Sepharose 2B columns; (iii) it sedimented as a heterogeneous peak in sucrose gradients (Fig. 4A) ; and (iv) it was partially resistant to RNase A digestion (Fig. 4F) . The labeled RI was incubated with extract of control and interferon-treated cells and its degradation was assayed by sedimentation analysis (Fig. 4) . VSV 114ClmRNA was included in the incubations as an internal marker. Limited degradation of both RNAs was observed in incubations with control cell extract (Fig. 4B) . In contrast, substantial degradation of RI but not of VSV mRNA was observed in incubations with extract of interferon-treated cells (Fig. 4C) . A peak sedimenting at about 20 S was formed upon incubation of RI with this cell extract. A similar peak was generated by RNase A digestion of RI (Fig. 4F) . The 20S RNA formed from RI by incubation with extract of interferon-treated cells was isolated by gradient centrifugation (Fig. 4C ) and further digested with RNase A. After digestion, 92% of this RNA was acid precipitable, indicating that a nuclease-resistant "core" could be produced either by incubation of RI with interferon-treated cell extract or by RNase digestion. This "core" corresponds in sedimentation and RNase resistance to the double-stranded component described for RI of picornaviruses (23) .
Control experiments showed that 35S EMCV RNA was cleaved in extracts of control and interferon-treqted cells to a limited and similar extent ( Fig. 4D and E) . This RNA was completely digested to acid-soluble nucleotides with RNase (data not shown). Similarly, the internal marker of [14CJmRNA added with RI was completely digested by RNase (Fig. 4F) . Finally, RI isolated from EMCV-infected cells and 35S RNA were assayed for activation of (2'-5')A polymerase ( Table 1) . The RI activated the polymerase, whereas 35S RNA was inactive. Because the isolated RI was radiochernically pure but contained unlabeled cellular nucleic acids, a control experiment was carried out by mock-infecting HeLa cells and isolating a corresponding fraction from these cells (see Table 1 ). This material failed to activate (2'-5')A polymerase ( Table 1) .
The (2'-5')A synthesized in incubations with RI was identical to previously characterized (2'-5')A by chromatography on DEAE-cellulose and thin-layer plates of polyethyleneiminecellulose before and after digestion with nucleases (2-3). The above results indicated that only RNA molecules that can activate the (2'-5')A polymerase are selectively cleaved in extracts of interferon-treated cells. The dsRNA portion of these molecules, however, is resistant to degradation. Biochemistry: Nilsen and Baglioni   Fig. 2 ). This characteristic pattern of degradation has been shown for mRNA linked to poly(A)-poly(U) and for EMCV RNA linkpd to poly(C)-poly(I).
The preferential degradation of these model substrates is not due to a nuclease that attacks dsRNA, because labeled poly(A)-poly(U) is not degraded in HeLa cell extracts, nor is it due to bipding to ribosomes and protection of mRNA not linked to dsRN4. Degradation of mRNA linked to dsRNA takes place regardless of the location of dsRNA at the 3' or near the 5' terminus of mRN4 and regardless of the base composition of the dsRNA linked to mRNA. Preferential degradation of these mRNAs requires Mg2+ and ATP and is abolished by the addition of (2'-5')A or of high concentrations of dsRNA or ATP. Moreover, the dsRNA linked to mRNA has to be at least 60 base pairs long btrcause VSV mRNA not retained by Millipore filters, which contains a poly(A) tract shorter than 60 nucleotides (14) , is not preferentially degraded when annealed with poly(U) (unpublished observations). A study of (2'-5')A polymerase activation by polymers of known size has shown that poly(A) shorter than 50-60 nucleotides annealed with poly(U) does not promote (2'-5')A §ypthesis (unpublished observations).
The (2'-5')A-dependent endonuclease can be activated under the conditions of our assays, as shown by degradation of mRNA due to the addition of (2'-5')A. These oligonucleotides can be synthesized by activating the (2'-5')A polymerase with the mRNAs that arq preferentially degraded in extracts of interferon-treated cells. Therefore, it seems possible that cleavage of mRNA linked to dsRNA is due to activation of the polymerase, synthesis of limited amounts of (2'-5')A, and localized activation of the endonuclease. Conditions that favor synthesis of high lpvels'of (2'-5')A (i.e., high concentrations of dsRNA) can presumably activate all the endonuclease present in extracts. In this case, all mRNAs are cleaved and mRNA linked to dsRNA is no longer preferentially degraded. Effective cleavage of this mRNA may require elevated levels of (2'-5')A polymerase, sjch as those induced by interferon (2-5), but the cleavtge of m1NA linked to dsRNA in extracts of control cells (Fig. 1 ) may be due to the presence of a basal level of (2'-5')A polymerase in HeLa cells not treated with interferon (4) .
Important factors in the postulated localized activation of the endonuclease are the property of this enzyme to revert to an inactive state upon removal of (2'-5')A and the rapid degradation of these oligonucleotides in cell extracts (20) . High concentrations of ATP protect (2'-5')A from degradation (20) . Thus, it is possible that addition of ATP in our experiments results in increased synthesis of (2'-5')A or decreased degradation of these oligonucleotides.
The results obtained with the labeled RI of EMCV agree with those obtained with model substrates. Preferential degradation of RI occurs in extracts of interferon-treated cells. Only single-stranded RNA is degraded, however, and an RNase-resistant core"? is produced upon incubation in these cell extracts. A similar "core" can be obtained by digestion of RI with RNase A under conditions where single-stranded RNA is cleaved. Again, the RI can activate (2'-5')A polymerase, and addition of large amounts of RI results in degradation of both RI and the internal marler of VSV mRNA (data not shown). These results can best be explainred by a localized activation of an endonuclease at or near RI.
The (2'-5')A-dependent endonuclease does not discriminate between viral and cellular mRNA (8) feron induces a protein kinase and the (2'-5')A polymerase/ endonuclease system may be one of several distinct pathways of inhibition of virus replication in interferon-treated cells (24, 25) .
